Primary charge separation within P870* in wild type and heterodimer mutants in femtosecond time domain  by Khatypov, R.A. et al.
Biochimica et Biophysica Acta 1817 (2012) 1392–1398
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioPrimary charge separation within P870* in wild type and heterodimer mutants in
femtosecond time domain☆
R.A. Khatypov, A.Yu. Khmelnitskiy, A.M. Khristin, T.Yu. Fuﬁna, L.G. Vasilieva, V.A. Shuvalov ⁎
Institute of Basic Biological Problems, Russian Academy of Sciences, Pushchino, Moscow Region 142290, Belozersky Institute of Chem-Phys Biology, MSU, Moscow, Russian FederationAbbreviations: RC, reaction center; Rba, Rhodobacte
bacteriochlorophyll; P870, Bacteriochlorophyll dimer; P
bacteriochlorophyll molecules belonging to the A and B
BPheo, bacteriopheophytin; D, heterodimer primary ele
☆ This article is part of a Special Issue entitled: Photosynt
from Natural to Artiﬁcial.
⁎ Corresponding author at: Institute of Basic Biologica
Region 142290, Russian Federation. Tel.: +7 096 773 360
E-mail address: shuvalov@issp.serpukhov.su (V.A. Sh
0005-2728/$ – see front matter © 2011 Published by El
doi:10.1016/j.bbabio.2011.12.007a b s t r a c ta r t i c l e i n f oArticle history:
Received 13 September 2011
Received in revised form 9 December 2011
Accepted 14 December 2011
Available online 21 December 2011
Keywords:
Femtosecond pump-probe spectroscopy
Bacterial reaction center
Electron transferPrimary charge separation dynamics in the reaction center (RC) of purple bacterium Rhodobacter sphaeroides
and its P870 heterodimer mutants have been studied using femtosecond time-resolved spectroscopy with 20
and 40 fs excitation at 870 nm at 293 K. Absorbance increase in the 1060–1130 nm region that is presumably
attributed to PA
δ+ cation radical molecule as a part of mixed state with a charge transfer character P*(PA
δ+PB
δ−)
was found. This state appears at 120–180 fs time delay in the wild type RC and even faster in H(L173)L and
H(M202)L heterodimer mutants and precedes electron transfer (ET) to BA bacteriochlorophyll with absorp-
tion band at 1020 nm in WT. The formation of the PA
δ+BA
δ− state is a result of the electron transfer from P*(P-
A
δ+PBδ−) to the primary electron acceptor BA (still mixed with P*) with the apparent time delay of ~1.1 ps.
Next step of ET is accompanied by the 3-ps appearance of bacteriopheophytin a− (HA−) band at 960 nm.
The study of the wave packet formation upon 20-fs illumination has shown that the vibration energy of
the wave packet promotes reversible overcoming of an energy barrier between two potential energy surfaces
P* and P*(PAδ+BAδ−) at ~500 fs. For longer excitation pulses (40 fs) this promotion is absent and tunneling
through an energy barrier takes about 3 ps. This article is part of a Special Issue entitled: Photosynthesis Re-
search for Sustainability: from Natural to Artiﬁcial.
© 2011 Published by Elsevier B.V.1. Introduction
The photosynthetic reaction center (RC) is a pigment–protein
complex that initiates the conversion of light energy into the chem-
ical free energy of charge-separated states. Few X-ray crystal struc-
tures of purple bacterial RCs are obtained with high-resolution
[1–3]. The RC of Rhodobacter (Rba.) sphaeroides consists of three
polypeptides (L, M, and H) and ten cofactors: bacteriochlorophyll
(BChl) dimer P870 that serves as a primary electron donor, two BChl
monomers (BA and BB), two bacteriopheophytin (BPheo) molecules
(HA and HB), two ubiquinone molecules (QA and QB), a carotenoid mol-
ecule, and an iron atom. The cofactors participating in energy or electron
transfer (ET), are arranged into two symmetrical branches (A and B).
Despite structural symmetry, normally only the A-branch is active in
the charge separation. Recent studies have demonstrated that upon
illumination, an electron is transferred from the ﬁrst excited singlet
state P∗ to HA with a time constant of ∼3 ps at room temperature,r; ET, electron transfer; BChl,
A, PB, primary electron donor
symmetric cofactor branches;
ctron donor; fs, femtosecond
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sevier B.V.resulting in the formation of charge-separated state P+HA− [4–12].
Then an electron is transferred from HA− to QA with a time constant
of ~200 ps. In some theoretical studies it was proposed that after
excitation of the primary electron donor the earliest step might
occur with formation of themixed state with the charge transfer charac-
ter P*(PAδ+PBδ−) or P*(PAδ−PBδ+) [13–17]. The formation of P*(PAδ+PBδ−) is
presumably more energetically favorable [16]. However, there were no
supporting experimental data provided so far.
The overall quantum yield of this charge-separation process is close
to unity both at room and at low temperatures [18–20]. The crystal
structure of the RC from Rba. sphaeroides shows that monomeric BChl
a (BA) is located between P and HA in the position that appears to be
good to play an intermediary electron acceptor role. Some earlier at-
tempts had failed to detect charge-separated state P+BA–, and itwas sug-
gested that in the native RCs this state was not formed as a true
intermediate and that BChl BA serves as a mediator with its vacant or-
bitals involved in the superexchange mechanism to provide electron
transfer (ET) from P* to HA [21–26]. Another viewpoint is that primary
charge separation in the purple bacteria RCs occurs in twodistinct steps,
i.e. ET from P* to BA and then to HA. This two-step process involves BA
as a real intermediate electron carrier between P* and HA [27–30].
The difﬁculty of measurements is related to rate-limiting ET from
P* to BA, so that the product of this ﬁrst step (P+BA–) decays to
P+HA– faster than it is formed. The rise and decay of the BA– absorption
band in Rba. sphaeroides RCs at room temperature are consistent with
the kinetic scheme in which an electron moves from P* to BA with a
Fig. 1.Absorption spectra of wild type (WT) (dashed line) and H(L173)Lmutant (solid line)
Rba. sphaeroides RCs at room temperature (A) and difference (H(L173)L–WT) absorption
spectrum (B). The normalization was based on absorbance near 500 nm.
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about 1 ps. Perhaps the most convincing experimental support for the
two-step mechanism of charge separation is the observation that the
amplitude and lifetime of the absorption band at 1020 nm both are in-
creased if bacteriopheophytin HA is replaced by plant pheophytin a [31–
35]. The charge-separated state P+BA− was detected in the RCs of mu-
tants inwhich the electron transfer to the subsequent electron acceptor,
HA molecule, is hampered [36].
Recent studies showed that the excitation of the primary electron
donor P with ultrashort (~20 fs) laser pulses leads to the formation of
a vibrational oscillatory nuclear wave packet, whose coherent motion
over the potential energy surface of the excited state P* is associated
with rapid initial reactions of ET [20,37]. The nuclear wave packet
motion over the potential surface of the excited state of the primary
electron donor P* (~250 fs period) was accompanied by reversible
and irreversible ET between P* and the primary electron acceptor
BA. High efﬁciency and directionality of the primary charge separation
in the RCs is determined by the combination of coherent ET from the
excited primary electron donor P* to the primary acceptor BA and
noncoherent change in nuclear coordinates owing to reorientation
of the hydroxy group of tyrosine M210 [38]. The kinetics of ET from
the primary donor P* to the primary acceptor BA at 90 K in the RCs
of purple bacteria is characterized by two components with time con-
stants of 1.1 ps (80%) and 4.3 ps (20%). The fastest component is sup-
pressed in the GM203L mutant, which lacks molecule HOH55 [39].
In the current work, we have studied the dynamics of transforma-
tion of the excited state of the primary electron donor P* into the
charge-transfer state P*(PAδ+PBδ−) and the ET from that state to the
electron acceptors BA and HA upon excitation of the primary electron
donor by femtosecond light pulses of a low power and different dura-
tion (20 fs and 40 fs) in the wild type and H(L173)L and H(M202)L
mutant RCs from the purple bacterium Rba. sphaeroides. To exclude
a contribution of vibrational motions of nuclear wave packets that ap-
pear upon 20-fs excitation and promotes the tunneling an energy bar-
rier between P*(PAδ+PBδ−) and PAδ+BAδ− the 40-fs pulses were used as
well.
2. Materials and methods
2.1. Preparation of reaction centers
The wild type, H(L173)L and H(M202) mutant RCs were puriﬁed
from correspondent recombinant Rba. sphaeroides strains according
to procedures described previously [40], suspended in 20 mM Tris/
HCl (pH 8.0)/0.1% Triton X100 buffer and concentrated to the optical
density 0.5 at 870 nm (the optical path length, 1 mm). Then the sample
was mixed with 5 mM sodium dithionite, and illuminated for 5 min
with a weak white light to reduce the primary electron acceptor QA.
2.2. Steady state and time resolved spectroscopy
Room temperature absorbance spectra of RCs were recorded using
a Shimadzu UV1600PC spectrophotometer.
Femtosecond transient absorbance difference spectra were mea-
sured using Spitﬁre Pro femtosecond ampliﬁer (Spectra Physics,
USA) and the system for recording absorption changes (ΔA) by mod-
iﬁed Excipro pump-probing set up (CDP Systems) [41]. A titanium
sapphire oscillator (Tsunami, Spectra-Physics) was used to generate
~35 fs, 800 nm laser pulses at a repetition rate of 80 MHz. These
pulses were used to seed an optical regenerative ampliﬁer system
(Spitﬁre, Spectra-Physics) with approximately 0.9 mJ at a repetition
rate of 1 KHz. Part of the output pulse energy (∼60 μJ) was then used to
generate awhite light continuumby focusing the beam into awater cell.
The major portion of the continuum light was directed to an optical
delay line and was used to excite the sample (the 40-fs pumping
pulse). For measurements with 20- fs pump one half of the energy ofampliﬁed 800 nm pulse was used to pump an optical parametric ampli-
ﬁer (OPA-800, Spectra-Physics) generating excitation pulses centered at
870 nm (second harmonic of idler beam) and the other half was atten-
uated and used to generate white light continuum in the water cell.
Pulses from OPA 800 C with an energy of 12 μJ were compressed with
two-prism compressor (Newport, USA) to 20-fs, directed to optical
delay line and used as pumping pulse. In both cases the pump beam
wavelengths shorter than 850 nmwere cut off with two RG850 light ﬁl-
ters (Newport, USA). A small portion of the continuum (~4%) was used
as probing and reference pulses. All three pulses were passed through a
rotated cell containing the sample. The pumping and probing pulses
were superposed in the sample plane and then directed to the entrance
slit of a Spectra Pro 2300i spectrograph (Princeton Instruments, USA).
The spectra were recorded with a Pixis 400BR CCD camera (Princeton
Instruments, USA) sensitive in the near infrared region of the spectrum.
To measure the light-minus-dark difference spectra, the pump pulse
was intermittently blocked with a mechanical shutter at each delay
time. Temporal dispersion of probe-pulse was estimated by observing
nonresonant response in cuvette with DMSO. Then all time delays
were corrected for dispersion. Typically about 10–25% of the reaction
centers were excited with each pulse. Difference spectra at each delay
time were obtained as a result of averaging of 10.000 measurements.
3. Results and discussion
Fig. 1 shows absorption spectra of RC of WT (dashed) and H(L173)L
mutant (solid) at room temperature in the range from 300 nm to
1100 nm. In themutant the loss of axial ligand toMg of BChl PAmolecule
leads to the appearance of BPheo at PA site [42]. Fig. 1B shows the differ-
ence between two spectra of Fig. 1A (H(L173)L–WT). Main differences
are located at 603 nm and 871 nm (bleaching due to the lost of PA ab-
sorption and of excitonic interaction of two BChl special pair molecules).
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might be assigned to the absorption of new BPheo molecule at PA site.
Absorptiondevelopments at 810 nmand829 nmappear to be associated
with the new BPheo at PA site or BChl at PB site.
Fig. 2 shows the light-minus-dark difference absorption spectra of
WT reaction centers of Rba. sphaeroides, measured at delay times of
20 fs (curve 1) and 480 fs (curve 2) after excitation at 870 nm of the
primary electron donor with 40-fs light pulses at 293 K. At a delay
time of 20 fs, the difference absorption spectrum (curve 1) reﬂects the
bleaching of the band at 870 nm of the primary electron donor P due
to the absorption of a light quantum. As a result, the primary electron
donor P is transferred into theﬁrst excited singlet state P*,whichwas ac-
companied by a stimulated emission expressed as negative absorption
in the spectrum. At the initial time, the stimulated emission maximum
almost coincided with the absorption maximum of P and then, within
~40 fs, shifted from 870 to 910 nm (not shown) as a result of vibrational
relaxation of the primary electron donor in the excited state P*.
Several dozens of femtoseconds after the light absorption, additional
negative changes in absorptionwere observed in the range 935–940 nm
in difference absorption spectra. The amplitude of these negative ab-
sorption changes increased in the time range from20 fs to 480 fs. Simul-
taneously with the appearance of the negative absorption changes at
940 nm, positive development at λ≥1060 nm was observed (Fig. 2,
inset).
According to the current understanding, the negative band with a
maximum at 935–940 nm reﬂects stimulated emission of excited state
P*, possibly with an admixture of the charge-separated state [20]. In
this case, the absorbance increase in the 1060–1120 nm rangemay be at-
tributed to absorption of a bacteriochlorophyll cation radical (e.g., one of
the molecules of the special pair P, PAδ+). These results suggest that the
stimulated emissionwith amaximumat 935–940 nmmight be originate
from the excited state of the primary donor P* admixed with separated
charge character P*(PAδ+PBδ−), which occurs at 180 fs after light absorp-
tion in good correspondence with the nearly instant electron transfer
from this state to BChl BA with involvement of nuclear wave packets
[20,37]. In the absorption difference spectra measured with a delay
time of ~300–400 fs, absorption changes in the range 935–940 nm and
at 1080 nm reach almostmaximal value, after which their amplitude de-
creases as the delay time further increases. Simultaneously with this am-
plitude decrease, a positive absorption band develops at 1020 nm,which
is ascribed to the anion-radical of BChl BA− [20,37,38,39] (Fig. 3).
Fig. 4 shows the kinetics of the light-induced absorbance changes
measured in the reaction centers after excitation at 870 nm with 40-Fig. 2. Difference (light-minus-dark) absorption spectra of WT Rba. sphaeroides RCs
obtained at 20 fs (curve 1) and 480 fs (curve 2) after excitation at 870 nm with 40-fs
pulse at 293 K. Inset shows absorption development longer than 1050 nm measured
at delay times of 20, 100, 250, and 480 fs.fs pulses at time delays from −200 to 2000 fs. It is evident that the
measurements are characterized by similar spectral changes charac-
terized by the development in the 1060–1120 nm region followed
by the appearance and increase of absorption at 1020 nm. This in-
crease of the optical density at 1020 nm is accompanied by a signiﬁ-
cant decrease in the stimulated emission at 935–940 nm and some
decrease in the absorption at 1060–1120 nm. At a delay time of
1580 fs the positive absorption band with a maximum at 1020 nm be-
comes comparable in amplitude with the positive band at 1080 nm or
even greater at 1800 fs with 20-fs excitation (Fig. 5). In both cases the
absorbance changes at 1020 nm are due to electron transfer from pri-
mary donor P* to BA molecule which results in formation of P+BA−
charge-separated state.
Light induced absorbance changes which might reﬂect formation
of the charge separated state P*(PAδ+PBδ−) at 260 fs delay time, P+BA−
state at 1.8 ps are depicted in Fig. 3. Might be suggested, that light in-
duced charge separation process in RCs of Rba. sphaeroides with re-
duced QA molecule consists of two distinct stages: (1) an intra
supramolecular charge separation process in special pair P; (2) ET
from primary donor P*(PAδ+PBδ−) to accessory bacteriochlorophyll
molecule BA with formation of P*(PAδ+BAδ−).
Kinetics of absorption changes at 870 nm (ο), 940 nm (*), 1080 (•)
nm and 1020 nm (▲) normalized at amplitude of P band bleaching
were measured at time delays from−200 to 2000 fs under excitation
at 870 nm with ~40 fs (Fig. 4) and ~20 fs pulses (Fig. 5). The zero
delay time corresponds to the half-maximum amplitude of P absorp-
tion band bleaching.
A rapid absorption bleaching was observed at 870 nm due to the
transition of P into the state P*; Then, this bleaching did not change
with time, because P* transfers electron to acceptors and passes into
the state P+ with similar excitation coefﬁcient for 870 nm bleaching
(Fig. 4, curve ο, and 5, curve • under excitation with ~40 fs and ~20 fs
pulses, respectively). The kinetics of stimulated emission observed as
absorption decrease at 940 nm (Fig. 4, curve *) and absorbance increase
at 1080 nm (Fig. 4, curve •) coincide and are delayed relative to the P
bleaching kinetics (at 870 nm). This delay is about 180 fs at the half-
maximum amplitude using ~40 fs excitation pulses (Fig. 4, curves *, •)
and 120 fs with ~20 fs pulses (Fig. 5, curve *). Oscillatory features are
observed in kinetics at 940 nm and 1020 nm under excitation with
20-fs pulses at early times (Fig. 5). Oscillations at both wavelengths
are in phase and reﬂect coherent nuclear wave packet motion on P* po-
tential energy surface which are accompanied by reversible and irre-
versible ET between P* and the primary electron acceptor BA [37,38].
The period of oscillation is about 260 fs clearly observed in Fig. 5 in
agreement with previous papers. The coincidence of curves at ~500 fsFig. 3. Difference (light-minus-dark) absorption spectra of WT Rba. sphaeroides RCs
measured at different femtosecond delays after excitation at 870 nm with 20-fs pulses
at 293 K.
Fig. 4. Femtosecond kinetics of WT Rba. sphaeroides RCs ΔA at 870 nm (ο), 940 nm (*),
1080 nm (•) and 1020 nm (▲), measured on time scale from −400 fs to 2000 fs after
excitation at 870 nm with 40-fs pulses at 293 K.
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fect at this time under used conditions, see [20,37,38]) showing an in-
crease in absorption changes at 940 and 1080 nm on the temporal
scale allowed concluding that these absorption changes reﬂect the
same process.
While the kinetics of increase in absorption changes at 940 and
1080 nm coincide, the decay kinetics of these absorption changes ap-
parently differ. The negative changes in absorption at 940 nm decay
with a time constant of ~3 ps in accordance with the electron transfer
to BA and HA. As seen in Fig. 4, the decay rate of the absorbance in-
crease at 1080 nm is smaller than the decay rate of bleaching at
940 nm. This difference is apparently determined by the fact that, at
delay times greater than 500 fs, the absorption of the cation radical
P+ is increased near 1080 nm. The latter forms as a component of
the charge-separated state P+BA− and P+BAHA− and manifests itself
as a broad structureless absorption band. The decay of the stimulated
emission at 940 nm is less masked by the absorption of P+.
As seen from Fig. 4, the positive changes in absorption at 1020 nm
(curve▲) become noticeable at timemomentswhen the changes in ab-
sorption at 940 and 1080 nm reach saturation. The increase in these
changes at 1020 nm coincides in time with the decay of changes in ab-
sorption at 940 and 1080 nm. This phenomenon might be explained by
the conversion of the charge separated state P*(PAδ+PBδ−) into the state
P+BA− (better to write P*(Pδ+BAδ−)) as a result of electron transferFig. 5. Femtosecond kinetics of WT Rba. sphaeroides RCs ΔA at 870 nm (●), 940 nm (ο)
and 1020 nm (▲), measured on time scale from −400 fs to 2000 fs after excitation at
870 nm with 20-fs pulses at 293 K.from the primary electron donor P⁎ to the primary electron acceptor
BA. Charge separation between P* and the primary electron acceptor
BA occurs with an apparent time delay of about 1100 fs following exci-
tation with ﬂashes lasting either 20 or 40 fs (Figs. 4, 5). However, this
delay time is the result of combination of the time constant of ET from
P* to BA (~3 ps) and subsequent electron transfer from BA− to HA
(~1 ps) resulting in formation of P+HA− state. As indicated in Fig. 6,
the formation of the charge-separated state P+HA− takes place with
time constant about 3 ps at room temperature in accordance with
known results. Formation of P+HA− state is evident from HA− band ab-
sorption increase at 960 nmand appearance of P+ structureless absorp-
tion band in the long wavelength region (Fig. 6, inset).
The results of this study allow concluding that in the photosynthetic
RCs of the purple bacterium Rba. sphaeroides, the formation of stimulat-
ed emissionwith amaximum at 935–940 nmand the absorption devel-
opment at 1080 nm probably reﬂect the same process: partial charge
separation between the BChls in the dimer P870 (PA and PB) in the ex-
cited state that results in the formation of the state P*(PAδ+PBδ−) at a
time delay of approximately 120–180 fs. The similar conclusion was
reached by Zinth et al. [43] who found using IR spectroscopy strong
200 fs component during the early temporal evolution of the transient
infrared difference spectrum of excited bacterial reaction centers of
Rhodobacter sphaeroides between 1000 and 1600 cm−1 and related it
to ultrafast initial intramolecular charge separation in the special pair
P mixed with P*. The formation of wave packet on the P* surface upon
illumination with 20-fs pulses at 870 nm leads to reversible ET from
P* having wave packet which emits light at 940 nm, to BA near 500 fs
(Figs. 4, and 5, the measurements at λ≥1060 nm are not shown, and
[38]).
The absorbance increase around 1080–1100 nm observed at earlier
delay may reﬂect the appearance of the charge separation inside of P*.
It can be either PAδ+or PBδ−. To clarify the origin of the band near
1100 nm we prepared the mutants in which PA or PB is replaced by
BPheo molecule with formation of P heterodimer mutants. In these
cases the electron density within D* (D is primary electron donor
for heterodimer [44]) is shifted to DBPheo which has more positive
redox potential as very well known. It was shown earlier ([45] and
references wherein) with longer time resolution that the charge separa-
tion is observed in H(L173)L and H(M202)L mutants with the formation
of DBδ+ DBPheoδ− and DAδ+ DBPheoδ− respectively. Using 40-fs time resolution
one can see (Fig. 7A and B) that at ~0 time (half of the bleaching of the
main absorption band of H(L173)L and H(M202)L RCs at 850 nm)
there is the appearance of new bands at 660–670 nm, 960 nm and
1080 nm. It is clear that two bands at 660–670 nm and 960 nm areFig. 6. Difference (light-minus-dark) absorption spectra of WT Rba. sphaeroides RCs
obtained at different delays after excitation at 870 nm with 20-fs pulse at 293 K.
Inset shows the light-induced absorbance changes in the longwavelength region of
the spectrum measured from 261 fs to 12.6 ps delay time interval.
Fig. 8. Difference (light-minus-dark) absorption spectra of WT Rba. sphaeroides RCs
measured in the BPheo anion radical absorption region on time scale from −1 ps
to +16 ps after excitation at 870 nm with 40-fs pulses at 293 K.
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and DAδ+ DBPheoδ− in H(M202)L), since ET to BPheo HA at that time is
impossible. Almost equal in amplitude to ΔA960 the new band at
1080 nm can belong to DBδ+ in H(L173)L and DAδ+ in H(M202)L similar
to that observed in WT RC (Figs. 2, 3, 6) and delayed by ~150 fs
with respect to the 870-nm bleaching (Figs. 4, 5). In the mutant
RCs the absence of a delay for the 660 nm, 960 nm and λ≥1060 nm
development is probably due to the absence of any energy barrier for
one step process (Fig. 7A and B).
For earlier time the delay the difference between DBδ+DBPheoδ− and
DAδ+DBPheoδ− is not so remarkable due to large difference in redox po-
tential between BPheo and BChl. Therefore in both cases ET occurs
forward to BPheo with formation of DB(A)δ+ DBPheoδ− and similar absorp-
tion bands for both cases.
The formation of HA−with a bleaching at 762 nm and development
at 672 nm in WT RC are delayed by several ps (Fig. 8) due to two se-
quential steps of ET from P* to BA (~3 ps) and from BA− to HA (~1 ps).
Fig. 7A and B shows that in both mutant RCs at earlier delays
(−20 fs÷260 fs) the appearance of two bands at 960 nm (DBPheoδ− )
and at λ≥1060 nm (DB(A)δ+ ) can be observed when the stimulated
emission is not so large to mask the development at 960 nm. In WT
RC the charge separation seems to be opposite with respect to the
charge location on two molecules of heterodimer H(L173)L mutant.
H(M202)L mutant should have the same charge location like in WT:
the δ+is located on PA and δ- on PB. As mentioned above the devel-
opment at λ≥1060 nm (the cation radical of BChl has a broad spec-
trum in near infrared with poor resolution) is delayed and anotherFig. 7. Difference (light-minus-dark) absorption spectra of H(L173)L (A) and H(M202)
L (B) mutants of Rba. sphaeroides RCs measured from 640 nm to 1150 nm on time scale
from −20 fs to +260 fs after excitation at 870 nm with 40-fs pulses at 293 K.counterpart (PBδ−) is completely masked by the stimulated emission
(Figs. 2, 3).
Analysis of kinetics of ΔA at 850–860 nm and 920 nm for mutants
H(L173)L and H(M202)L RCs shows two components at 850 nm with
time constants of 30 ps and 160 ps and one 30-ps component at
920 nm for H(L173)L, 21-ps component at 860 nm and 20-ps compo-
nent at 920 nm for H(M202)L (Figs. 9 and 10). Only one ~3-ps com-
ponent is observed in WT RC (Fig. 9). Exponential decay at 920 nm
in H(L173)L and H(M202)L mutants reﬂects the decay of stimulated
emission of D* with time constants of 30 ps and 20 ps respectively
(Fig. 10). The 30-ps component at 850 nm of H(L173)L RC and 21-
ps component at 860 nm of H(M202)L both probably can be assigned
to the decay of stimulated emission of D*. The slower decay rate of
that emission in mutants compared to WT RCs can be interpreted as
the absence of further fast ET from D*. Since stimulated emission is
not observed at 200 ps one can conclude that the excited state of D*
is no longer exists at that time. The 160-ps component is still ob-
served at 850 nm (Fig. 9). Fig. 11 shows that even at 500 ps two
bands at 960 nm (DBPheoδ− ) and at 1100 nm (DB(A)δ+ ) are depicted and
appear to reﬂect the charge separation in D: DB(A)Pheoδ− DB(A)δ+ without
admixture of D* (no stimulated emission at that time) and with
slow recombination time (≥500 ps). One may suggest that such a
slow decay can be a result of the medium relaxation around state
(DB(A)δ+ DBPheoδ− ) including possible proton motion between radical ions.Fig. 9. Femtosecond kinetics ΔA at 870 nm of wild type (1), at 860 nm, of H(M202)L
(2) and at 850 nm of H(L173)L (3) Rba. sphaeroides RCs, measured on time scale
from −50 ps to 500 ps after excitation at 870 nm with 40-fs pulses at 293 K.
Fig. 10. Femtosecond kinetics ΔA of wild type (1), H(M202)L (2) and H(L173)L (3) Rba.
sphaeroides RCs at 920 nm,measured on time scale from−20 ps to 200 ps after excitation
at 870 nm with 40-fs pulses at 293 K.
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30 fs) which is faster than next ET step to BA by the order of magnitude.
Even faster charge separation is observed for Chl (6 molecules) aggre-
gate in photosystem I of cyanobacteria (≤100 fs) without considerable
admixture of P700* [46]. Such a differencemight be related to the size of
the Chl aggregate: the bigger size the longer distance and charge density
between charges with opposite sign.
Another approach for a study of the primary charge separation
was demonstrated by Pawlowicz et al. [47] by using ultrafast mid-
infrared spectroscopy.Acknowledgements
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